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SUMMARY Burkholderia cepacia (formerly Pseudomonas cepacia) was once thought
to be a single bacterial species but has expanded to the Burkholderia cepacia com-
plex (Bcc), comprising 24 closely related opportunistic pathogenic species. These
bacteria have a widespread environmental distribution, an extraordinary metabolic
versatility, a complex genome with three chromosomes, and a high capacity for
rapid mutation and adaptation. Additionally, they present an inherent resistance to
antibiotics and antiseptics, as well as the abilities to survive under nutrient-limited
conditions and to metabolize the organic matter present in oligotrophic aquatic en-
vironments, even using certain antimicrobials as carbon sources. These traits consti-
tute the reason that Bcc bacteria are considered feared contaminants of aqueous
pharmaceutical and personal care products and the frequent reason behind nonster-
ile product recalls. Contamination with Bcc has caused numerous nosocomial out-
breaks in health care facilities, presenting a health threat, particularly for patients
with cystic fibrosis and chronic granulomatous disease and for immunocompromised
individuals. This review addresses the role of Bcc bacteria as a potential public
health problem, the mechanisms behind their success as contaminants of pharma-
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ceutical products, particularly in the presence of biocides, the difficulties encoun-
tered in their detection, and the preventive measures applied during manufacturing
processes to control contamination with these objectionable microorganisms. A
summary of Bcc-related outbreaks in different clinical settings, due to contamination
of diverse types of pharmaceutical products, is provided.

KEYWORDS Burkholderia cepacia complex, pharmaceutical contamination

INTRODUCTION

The Burkholderia cepacia complex (Bcc) is a group of Gram-negative nonfermenting
betaproteobacteria (1) that are broadly distributed in the environment, colonizing

diverse niches, whether natural or human-made (2–6). This feature is attributed to their
genotypic and phenotypic plasticity and consequent capacity for rapid mutation and
adaptation to challenging environments (1, 7, 8). This group of bacteria has emerged
as a worrying opportunistic pathogen, with high potential to cause serious respiratory
infections in patients with underlying illnesses, namely, cystic fibrosis (CF) (9–11) and
chronic granulomatous disease (CGD) (12, 13). Bcc infection also has been reported in
immunocompromised patients (debilitated elderly people, HIV-positive individuals,
cancer patients undergoing chemotherapy, etc.) (14–16). Bcc bacteria can adapt to the
stressful conditions that characterize the CF lung environment, which makes them
virtually impossible to eradicate, leading to unpredictable and variable outcomes,
ranging from asymptomatic carriage to a quick and sometimes unexpected deteriora-
tion of the patient’s condition, culminating in a fatal necrotizing pneumonia (termed
“cepacia syndrome”) (3, 17).

Remarkably, Bcc bacteria also possess the capacity to survive and proliferate in
water-based environments, such as water bodies, lakes, rivers, drinking water, and
liquids containing small amounts of nutrients (18–21). In addition to this capacity, these
bacteria are described as major contaminants of sterile (e.g., intravenous drugs and
solutions) and nonsterile pharmaceuticals (e.g., nasal sprays, water-based products,
mouthwash, preoperative skin solutions, and hand sanitizers), being the cause of
numerous nosocomial outbreaks registered in the last 2 decades (22–26). Many of these
contamination episodes have been associated with the ability of Bcc bacteria to thrive
in the presence of antimicrobials and disinfectants, particularly the biocides used in
pharmaceutical products’ formulations (24, 27–31). Benzalkonium chloride (BZK) solu-
tions have been described as one of the most frequent sources of Bcc contamination
(32). Bcc bacteria have developed an array of strategies to cope with the presence of
biocides, including their active extrusion from the bacterial cell through the action of
efflux pumps or the inactivation by catabolic enzymes and subsequent use as carbon
sources for bacterial growth (33–36).

Since Bcc bacteria can survive under nutrient-deprived conditions, water constitutes
the most common environment in which they can cause contamination, raising a
particular concern when the water supplies of pharmaceutical companies are affected
(37, 38). The clinical relevance of Bcc bacteria and their status as one of the most
prevalent contaminants in pharmaceutical industries has led authorities, namely, the
United States Food and Drug Administration (FDA), to propose the inclusion of these
bacteria in the “Objectionable Microorganisms” category (39, 40). In addition to the fact
that Bcc bacteria are inherently difficult to detect and identify, due to their specific
metabolic requirements and low growth rate, the majority of phenotypic and genotypic
methods also demonstrate significant limitations in their capacity to detect Bcc organ-
isms. Therefore, it is important to understand and control the presence of Bcc in
pharmaceutical settings, including raw materials and finished products, to avoid their
propagation into health care settings, which greatly compromises the treatment op-
tions and general quality of life of susceptible patients. Figure 1 provides an overview
of the main topics that will be addressed in this review, with special focus on
pharmaceutical products’ contamination and the associated implications in terms of
public health.
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Bcc—DIVERSITY AND ECOLOGY

The Burkholderia cepacia complex (Bcc) is a group of 24 phylogenetically related
Gram-negative betaproteobacteria that are widely distributed in the environment
(41–45). They carry complex genomes (with sizes ranging from 6 to 9 Mb and typically
3 chromosomes) and have the ability to rapidly adapt through mutation, which
translates into a remarkable genotypic and phenotypic plasticity (1, 3, 7). Consequently,
Bcc bacteria are known for their metabolic diversity and capacity to endure environ-
mental stresses (33, 46).

Bcc bacteria are frequently found in natural environments, occupying diverse niches,
such as soil, water (including seawater), plant rhizosphere, and agricultural products
(2–6). However, the distribution of Bcc species is not homogeneous among these
habitats. For instance, B. cepacia, B. cenocepacia, B. vietnamiensis, and B. ambifaria are
the most representative Bcc species inhabiting the rhizosphere of plants (3–6, 8), while
B. cepacia, B. cenocepacia, B. vietnamiensis, B. anthina, and B. seminalis are commonly
found in water-based environments worldwide (6, 19–21). Nevertheless, the precise
environmental origin of some Bcc species, namely, B. multivorans, is currently unclear,
and the reports concerning its presence in different environmental samples are rather
contradictory; some describe water as the most common source of this bacterium (19,
21), while others indicate that soil is the most common environmental niche (47). These
discrepancies might be due to the limitations associated with the isolation methods
(48).

Due to their metabolic diversity and ability to establish mutualistic and symbiotic
interactions with plants, the use of Burkholderia species for biological control, plant
growth promotion, and bioremediation has been attempted, but their pathogenic
potential raises concerns (5). Since Bcc species are phylogenetically related, the ex-
change of genetic material between different strains/species might occur, creating the
possibility for apparently innocuous strains to acquire pathogenic characteristics (6).
This hypothesis has not yet been described in natural settings but has been demon-
strated in vitro (6). Field tests have shown that Bcc bacteria can proliferate within the
rhizosphere of various economically relevant crops, including rice (where B. vietnam-
iensis has been found in high numbers), pea roots (colonized by B. ambifaria), and
wheat (with B. cepacia and B. cenocepacia inhabiting its rhizosphere) (4). Some of these
species are also capable of N2 fixation, thereby contributing to plant growth (8).
Another important capacity is the production of biopesticides that protect crops
against other bacteria, protozoa, nematodes, and fungal diseases, such as root rot or
seed-damaging infections (2, 5). Due to their ability to use complex and diverse carbon
sources, some Burkholderia isolates potentially can degrade different xenobiotic com-

FIG 1 Overview of the main topics addressed in this review, from the description and characterization of Burkholderia cepacia
complex (Bcc) bacteria and their survival and proliferation in diverse environments, including water supplies and pharma-
ceutical products, to the related nosocomial outbreaks, especially involving susceptible patients, as well as the difficulty and
complexity associated with Bcc detection and identification based on phenotypic and genotypic methods.
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pounds and organic pollutants, including constituents of crude oils, pesticides, phtha-
lates, and solvents, like trichloroethylene (TCE) (3, 8).

Unlike the majority of opportunistic pathogens, members of the Bcc are not prone
to commensal carriage, and infections typically are acquired in hospital settings or
directly from the environment. In the case of chronically infected CF patients, person-
to-person transmission might also occur outside the context of health care facilities (3).
In 2002, a soil isolate was proven to be genetically indistinguishable from an epidemic
B. cenocepacia clone (at the time referred to as B. cepacia genomovar III) responsible for
widespread infection in CF patients, proving that strains that are pathogenic to humans
do not necessarily differ from those found in the environment (49). A number of studies
have confirmed the presence of Bcc bacteria in outdoor environments with which
people may have regular contact. For example, PCR analysis of DNA extracts from soil
and rhizosphere samples, collected from 91 sites located in 3 large U.S. cities (play-
grounds, athletic fields, parks, hiking trails, residential yards, and gardens), revealed that
around 90% of the samples examined were positive for Bcc (50). Moreover, B. cenoce-
pacia, B. anthina, B. multivorans, and B. pyrrocinia strains were isolated from soil and
water samples collected in the house and gardens of four CF patients, suggesting that
these bacteria are also common in the home environment, possibly acting as a reservoir
for infection (51). Therefore, further understanding of the role played by the natural
environment in Bcc infection acquisition is of the utmost importance. The positive and
negative impacts of the presence of Bcc bacteria in natural and human-made environ-
ments are summarized in Fig. 2.

Bcc BACTERIA AS HUMAN OPPORTUNISTIC PATHOGENS

Despite their potential application in bioremediation, the large-scale use of Bcc
bacteria deserves attention from the scientific community, especially concerning their
release in the environment. This is important, since the multiple bacterial species that

FIG 2 Strains of Bcc bacteria have potentially beneficial ecological and biotechnological applications,
including their role in biocontrol, bioremediation, and plant growth promotion. However, their applica-
tion in environmental settings raises concern, since members of the Bcc are human opportunistic
pathogens and have been associated with infection outbreaks due to contaminated pharmaceutical
products. These bacteria also can cause disease in plants.
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constitute the Bcc may lead to serious respiratory infections among CF (9–11) and CGD
patients (12, 13). Immunocompromised individuals, infants, and the elderly also are
susceptible to Bcc infection (14–16). Bcc strains rarely cause respiratory infection in
healthy (immunocompetent) individuals, since they are cleared by normal airway
mucociliary activity (8). In the case of hospitalized non-CF patients, the most commonly
reported risk factors comprise the use of venous and urinary catheters, endotracheal
tubes (in mechanically ventilated patients), hemodialysis, and long hospitalization
periods in intensive care units (17). Patient-to-patient transmission is thought to occur
through spreading of aerosol particles, direct physical interaction with infected people,
or upon contact with contaminated surfaces (3).

The accumulation of mucous secretions is recurrent in CF patients’ airways due to
a mutation in the CF transmembrane conductance regulator (CFTR) gene (52). The
resulting lung environment is prone to colonization by Bcc bacteria and other patho-
gens (52), often presenting selective pressures that induce phenotypic and genotypic
variation, conferring evolutionary and adaptive advantage (53). Such adaptation mech-
anisms might include increased antimicrobial resistance, the development of alterna-
tive metabolic pathways, and marked genomic expression reprogramming (53–55).

Although a smaller proportion of CF patients are infected with Bcc than with
Pseudomonas aeruginosa, they represent a major concern, since the clinical outcome is
very unpredictable, even if patients are infected with clonal strains (3, 17). Although the
Bcc comprises 24 bacterial species, the two most prevalent among the CF community
are B. cenocepacia and B. multivorans (4, 10, 17). However, the less represented species,
in particular, B. dolosa, B. stabilis, B. contaminans, and B. cepacia, also may result in poor
clinical outcomes (11, 56, 57).

B. gladioli, although not a member of the Bcc, is a very closely related bacterial
species and accounts for a significant percentage of opportunistic respiratory CF
infections (56). This pathogen also has been identified in CGD (58) and other non-CF
patients (59, 60). However, to our knowledge, there are no reports on B. gladioli-related
nosocomial outbreaks, and contamination of pharmaceutical products with this species
has not been registered. Contamination episodes involving the presence of B. gladioli
have been registered only in the water supply system of a laboratory mouse housing
facility (61) and within endotracheal tubes used for mechanical ventilation (59). Unlike
Bcc species, B. gladioli is highly susceptible to certain antibiotics, such as piperacillin-
tazobactam, aminoglycosides, quinolones, carbapenem, imipenem, and ticarcillin-
clavulanic acid (59, 62, 63), which might, to some extent, explain the lack of contam-
ination outbreaks related to this species.

Bcc BACTERIAL SURVIVAL IN WATER AND UNDER NUTRIENT-DEPLETED
CONDITIONS

Besides being widely distributed in the soil, Bcc bacteria also can survive and
proliferate in water-based environments, such as water bodies, lakes, rivers, drinking
water, and liquids containing small amounts of nutrients. This characteristic is mainly
attributed to the genetic and nutritional diversity of these species, which might be
responsible for the ability of certain Bcc bacteria to metabolize the organic matter
present in oligotrophic aquatic environments (18).

Examples of Bcc Survival in Water Environments

In a study carried out in the province of Bologna (Italy), B. cepacia was found to be
present in 3.5% of the eighty-five samples of drinking water that were collected from
public and private buildings, growing at a temperature of approximately 24°C (20).
Additionally, it was demonstrated that the organic matter from the biofilm that is
normally formed around the inner walls of water pipes was probably metabolized by
the bacterial cells (20). When twenty-eight water samples, collected from the European
rivers Schelde and Leie, were analyzed, ten of them were positive for the presence of
Bcc bacteria, namely, B. cepacia, B. multivorans, B. cenocepacia, B. vietnamiensis, and B.
anthina (19). More recently, the presence of Bcc bacteria in water bodies of the West
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Lake in China was confirmed, where 40% of the 670 bacterial isolates analyzed
belonged to five representative Bcc species: B. multivorans, B. cenocepacia, B. stabilis, B.
vietnamiensis, and B. seminalis (21).

Besides being able to survive and proliferate in water-based environments, Bcc
bacteria also have been reported to tolerate substantial temperature variations. Early
studies performed on three different strains of P. cepacia (now B. cepacia or another Bcc
species), incubated in distilled water, revealed optimum growth rates at 37°C (64).
Nonetheless, high population yields were also observed during long-term incubation at
temperatures ranging from 18°C to 42°C (64). Moreover, two other B. cepacia strains
were able to grow in distilled water at temperatures as low as 10°C and as high as 50°C,
even surviving under those conditions for 21 days and 48 h, respectively (64). Another
study involving six B. cenocepacia strains revealed that all of them were able to
proliferate or survive in distilled water for at least 40 days at 18°C and 23°C (18).

Mechanisms of Adaptation to Water and Nutrient Scarcity

Several factors can influence bacterial survival in water, namely, their physiological
state, intrinsic tolerance to nutrient scarcity, interaction with other bacteria, and
temperature variations (18). However, in the case of Bcc bacteria, the reasons behind
their remarkable ability to persist in water environments for long periods of time still
have not been thoroughly assessed, and to our knowledge, there are no published
studies pertaining to the molecular mechanisms behind Bcc bacterial survival in water.
Relevant clues about this topic can be extrapolated only from other bacterial species
within the Burkholderia genus, namely, B. pseudomallei, a pathogen endemic to tropical
and subtropical regions and the causative agent of melioidosis disease in humans and
animals (65). Despite not being a member of the Bcc, it is the best-studied Burkholderia
species in terms of survival in water environments. Results suggest that the ability to
maintain an intact outer membrane architecture is relevant for B. pseudomallei’s
prolonged survival in water environments (66). A switch of morphology from typical
Gram-negative rods to cocci/coccobacilli and the transition into a viable but noncul-
turable state were also considered to contribute to B. pseudomallei’s survival in distilled
water at 25°C for 16 years (67). A recent study also suggested that P. aeruginosa is
capable of long-term survival in a nutrient-deprived environment by existing in a
dormant state (68). During long-term incubation in water, P. aeruginosa’s cells were
found to exhibit a decreased metabolic activity to convert from a rod to a coccoid
shape and to change the membrane lipid composition, leading to decreased outer
membrane permeability and consequent increased tolerance to polymyxin B (68). A
global expression analysis indicated that the majority of genes were repressed, includ-
ing those required for DNA replication (68). However, a number of genes had increased
expression, in particular, amino acid, fatty acid, and phospholipid metabolism genes,
suggesting that these compounds can be used as alternative carbon and energy
sources under nutrient starvation (68). Water constitutes a hostile environment, pre-
senting several challenges to bacterial growth, including a lack of nutrients and low
osmolarity (66). The fact that Bcc bacteria can persist under such harsh conditions is
indicative of their remarkable metabolic capacity and deserves special attention, as
they can pose serious threats to public safety and health.

Bcc BACTERIA AS CONTAMINANTS OF PHARMACEUTICAL PRODUCTS
Product Recalls Associated with the Presence of Bcc Bacteria

One of the most commonly reported contaminants of nonsterile pharmaceutical
products is Burkholderia cepacia (69), whether it was definitively identified as B. cepacia
(the type species) or was just a member of the Burkholderia cepacia complex, since most
of the literature available on the topic dates back to the pre-Bcc (or even the pre-
Burkholderia) era. This is a particular concern for recently described members of the Bcc,
which may have been involved in contamination episodes in the past, but their role
cannot be recognized due to the deficient taxonomic knowledge at the time. Those
contaminants can be transmitted through raw materials, water, and machine surfaces
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used in pharmaceutical manufacturing. According to United States Food and Drug
Administration (FDA) recall data, from 1998 to 2006, B. cepacia was identified as the
cause of 22% of nonsterile product recalls (22). This tendency has grown over recent
years, with this species being involved in 34% of the nonsterile product recalls between
2004 and 2011 (22). B. cepacia was considered the most common microbial contami-
nant found in nonsterile products between January and July 2012, corresponding to
39% of the bacterial species isolated from contaminated samples, while other bacterial
genera, including Pseudomonas, Staphylococcus, and Enterobacter, were less prevalent
within the collected samples (69). Bcc bacteria have been isolated from diverse types
of pharmaceutical and personal care products, including nasal sprays (70, 71), multiple
lotions and oils (72), water-based products (73), mouthwash (74, 75), cleansing wash-
cloths and baby wipes, preoperative skin solutions, hand sanitizers (76), and gas relief
liquid drops (22, 69).

In an epidemiological survey performed by our group between 1995 and 2002,
which included patients receiving treatment at the major Portuguese CF center within
a central Lisbon hospital, an unusually high prevalence of B. cepacia and B. contaminans
in sputum cultures was detected (57, 71). Later, a market surveillance conducted by
INFARMED, the National Authority of Medicines and Health Products, in 2003 and in
2006, detected Bcc bacteria contamination in several batches of nonsterile saline
solutions for nasal application, which are often administered to CF patients for inhalant
therapy. Further analysis confirmed that the clinical clones and the strains isolated from
contaminated saline solutions were indiscernible based on molecular typing methods
(57, 77).

Looking at the FDA’s list of recalls, market withdrawals, and safety alerts (78) in
recent years, several warnings have been launched concerning the presence of Bcc
bacteria in a wide variety of products. In October 2016, the FDA, in collaboration with
the Centers for Disease Control and Prevention (CDC), detected the presence of B.
cepacia in the water system used for oral liquid docusate sodium manufacture. This led
to a national alert, and the product was voluntarily recalled from the market by its
producing pharmaceutical company (79). In 2017, the FDA detected a potential B.
cepacia-related contamination of decongestant relief syrups for the treatment of cough,
cold, and allergies and advised the voluntary recall of the products from the market
(80). More recently, in 2018, the FDA detected the presence of several microbial
contaminants in homeopathic drug products, including B. multivorans, and the recall of
all water-based products from the company in question was recommended (81).

Ability of Bcc Bacteria To Survive and Proliferate in Pharmaceutical Products

Sterile pharmaceutical products typically are intended for intravenous administra-
tion (e.g., injection or infusion) or to be applied directly in the eyes. Due to the high
infection risk associated with administration through these routes, such products must
be manufactured in an environment that is free from bacteria, viruses, and other
potentially infectious microorganisms (82). Nonsterile products (e.g., docusate, mouth-
wash, and body wash) are usually administered orally or topically and, theoretically,
have a lower potential to cause infection. For that reason, those compounds do not
require sterilization before use (83). Nevertheless, microbiological control of nonsterile
products is particularly important, since they are more prone to microbial contamina-
tion, which can reduce product quality and, above all, cause drug-related infections
(84).

Given their ability to use numerous organic compounds as carbon and energy
sources, several of them xenobiotics that are very difficult to catabolize (4, 75), Bcc
bacteria can grow and proliferate in a wide variety of medicinal drugs (24). One
example of such metabolic diversity is their ability to grow on nitroaromatic and
aromatic compounds through the oxidation of aromatic structures and breakdown of
halogenated compounds by monooxygenases and dioxygenases (76, 77). Since ni-
troaromatic compounds make up a vast array of pharmaceutical drugs, Bcc bacteria can
lead to the degradation of active ingredients and excipients, compromising drug
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stability and purity, as well as their potency and effectiveness (24, 78). Apart from
altering the chemical, physical, and organoleptic properties, drug degradation might
also lead to the formation of toxic substances (84). This constitutes a serious risk for the
consumers of such products, who typically suffer from other pathological conditions.
Bcc-contaminated products constitute a vehicle for transmission of these opportunistic
pathogens to susceptible individuals, favoring the development of life-threatening
chronic infections.

Reasons Underlying Bcc Contamination in Pharmaceutical Settings and Preven-
tive Measures

The persistence of Bcc bacteria in pharmaceutical products is, in part, attributed to
the lack of good manufacturing practices. Pharmaceutical companies are responsible
for ensuring quality control of their products as well as for monitoring the processing
steps and components that are used (26). However, the lack of adequate cleaning
procedures; the use of an unsuitable grade of water, associated with poor water control
and design systems; the use of the same disinfectants for long periods of time;
insufficient microbiological controls; and inadequate testing, specification, and valida-
tion guidelines constitute some of the causes of bacterial contamination in pharma-
ceutical settings (69).

According to the Parenteral Drug Association (PDA) technical report no. 67, Exclusion
of Objectionable Microorganisms from Nonsterile Pharmaceutical and Over-the-Counter
(OTC) Drug Products, Medical Devices and Cosmetics, an objectionable organism is
defined as a microorganism that can proliferate in a certain pharmaceutical product,
causing adverse effects on its chemical, physical, functional, and therapeutic properties
(39). This definition also comprises microorganisms with a pathogenic character that,
when present in a certain pharmaceutical product in large numbers, can cause infection
after administration (22, 39, 40). The high prevalence of product recalls due to con-
tamination with Bcc bacteria and the numerous nosocomial outbreaks verified
throughout the years constitute the main reasons why members of the Bcc are
considered objectionable organisms (22–24, 62). Moreover, their role as human oppor-
tunistic pathogens (affecting both CF and non-CF patients) (3, 17), as well as their
resistance to antibiotics and antimicrobial preservatives, also contribute to their inclu-
sion in that category (30, 33, 38, 77).

The U.S. Pharmacopeia (USP) provides several guidelines and methodologies to
detect the presence of specific indicator organisms in nonsterile products, namely, the
USP guidelines 61, Microbial Enumeration Tests (85), and 62, Tests for Specified Microor-
ganisms (86). However, despite the fact that Bcc bacteria are widely recognized as
objectionable organisms, the USP does not provide any specific test to determine their
presence in nonsterile drug products (38, 69). Due to the lack of information and
adequate detection methods, Bcc contamination is often disregarded, since these
microorganisms are not considered a priority for pharmaceutical manufacturers, who
are often unaware of their impact and the consequences that might result from
releasing Bcc-contaminated products into the market (38). The concern raised by the
undetected presence of Bcc in pharmaceutical products is not a new topic and has
been the object of discussion by the FDA since 1981, when the regulatory agency
detected irregularities in the validation and control processes of a water deionization
system, which resulted in the contamination of a drug product with B. cepacia (38, 69).
Another example dates back to 1993 and concerns the recall of a metaproterenol
sulfate inhalation solution contaminated with B. cepacia, which, according to the USP,
required no microbial testing before being released onto the market (38, 69). More
recently, a chemically preserved oral fexofenadine antihistaminic suspension was found
to be contaminated with B. cepacia 6 months after the manufacturing process (87). The
objectionable organism had not been detected earlier because it was not included in
the routine testing described by USP guideline 62 and was not considered a threat,
even when its presence had been detected once in the manufacturing company’s water
system (87). The microbiological counts obtained during product stability testing were
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acceptable for 6 months, after which a considerable increase of CFU numbers was
registered. B. cepacia was subsequently identified through Gram staining and biochem-
ical assays (87). These case reports highlight the urgent need for pharmaceutical
companies and regulatory agencies to work together in order to reformulate the
current protocols and legislation regarding the presence of Bcc bacteria in pharma-
ceutical products.

Presently, the FDA continues to warn pharmaceutical companies about the con-
tamination hazard posed by Bcc bacteria when present in sterile and nonsterile
pharmaceutical products, reinforcing the fact that the number of product recalls due to
Bcc contamination remains high (88). On May 2017, the regulatory agency provided
new regulatory guidance for manufacturers of nonsterile water-based drug products,
stating the importance of establishing guidelines to prevent contamination with such
objectionable organisms, including correct process design and quality assurance of
incoming materials, as well as the monitoring of storage conditions and cleaning
procedures (88).

In the specific case of Bcc bacteria, the number of product recalls reported in the
literature confirms that antimicrobial preservatives are not effective as a way of
preventing contamination, since several strains can proliferate in preserved solutions
(38). Therefore, manufacturers cannot rely on the addition of antimicrobial preserva-
tives for contamination control and must instead apply stringent in-process control and
guarantee sterile conditions during every step of the manufacturing process instead of
testing only the finished products (26, 37, 38). Water is the most commonly used raw
material in the pharmaceutical industry and is considered a frequent source of Bcc
contamination. In fact, several Bcc outbreaks that occurred throughout the years have
identified pharmaceutical-grade water as the root cause of product contamination,
whereas contamination of raw materials and inadequate quality control procedures
were less implicated in product recalls (37, 38). Therefore, in industrial settings, every
source of water should be considered a potential reservoir (38), and every piece of
equipment used for processing (tanks, pumps, and filling lines) should be properly
cleaned, disinfected, and dried, especially the product contact surfaces (37).

Both the FDA and the USP have provided technical guidelines concerning the water
used for pharmaceutical manufacturing. The FDA advises manufacturers inspect the
source of water used for wet granulations or aqueous liquid preparations, which should
be chemically and microbiologically purified USP water (89). Moreover, potable water
might only be used for bulk drug manufacturing and not to prepare USP-compliant
dosage-form products or laboratory reagents. Nonpotable water systems, such as
cooling water for air conditioning or fire sprinklers, should be correctly identified, and
cross-connections with potable water must be avoided (89). Regular collection of water
samples from piping systems should be a common practice, since these constitute a
major source of water contamination. Maintaining the water circulation systems at
constantly high temperatures (typically 80°C) is also advised to prevent significant
microbial growth (89). Additionally, during the formulation of aqueous oral and topical
dosage-form products, reduced water activity (aw) is important to prevent microbial
contamination and guarantee the product’s self-preservation capacity (90). Pharmaceu-
tical products with an aw below 0.75 are significantly less prone to contamination, while
nasal inhalants, hair shampoos, and antacids, which have higher water activities (aw of
0.99), are very susceptible to contamination by Gram-negative bacteria, namely, Bcc
(90).

UNIQUE ABILITY OF Bcc TO OVERCOME BIOCIDE ACTION
Bacterial Resistance to Biocides and Outbreaks Associated with Contaminated
Solutions

The term biocide is generally employed to describe a chemical agent that destroys
or inhibits the growth or activity of living organisms. While antiseptics are substances
with antimicrobial activity that are applied to the skin/living tissue in order to reduce
the microbial flora, disinfectants are applied to nonliving objects to destroy harmful
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microorganisms. Preservatives are added to a wide variety of products, some of them
not required to be sterile (e.g., medicines, food, and cosmetics), to prevent microbial
growth (27, 32). These chemical agents are also employed at different concentrations,
depending on whether the purpose is disinfection or preservation. For example, the
biocide biguanide chlorhexidine is used for surface disinfection at concentrations in the
range of 0.5% to 4% (vol/vol), for antisepsis at 0.02% to 4% (vol/vol), and for preser-
vation at 0.0025% to 0.01% (vol/vol) (91).

Antiseptics and disinfectants (biocides) are widely used in hospital settings as a way
of controlling infections. In general, biocides have a broader spectrum of activity and
tend to act upon multiple targets, whereas antibiotics usually have specific intracellular
targets (27). The most commonly used biocides include alcohol, iodine, iodophores,
triclosan, chloroxylenol, chlorohexidine gluconate (CHX), and quaternary ammonium
compounds, such as benzalkonium chloride (BZK) (32). One of the most worrying
features of Bcc populations is that they can remain viable and/or proliferate within the
currently commercialized biocide formulations, displaying low susceptibility to a variety
of compounds, including CHX, cetylpyridinium chloride, triclosan, BZK, and povidone
(30). Several studies also have demonstrated that the biocide concentration in many
commercial products is insufficient to kill Bcc bacteria, especially when they form
biofilms. This is the case for CHX, hydrogen peroxide, and BZK (92–94). For example, the
typical BZK and CHX concentrations applied in commercial products range from 0.02%
(200 �g/ml) to 5% (50,000 �g/ml), which might not be sufficient to eradicate resistant
strains (85). Based on susceptibility assays, proper elimination of Bcc bacteria might
require the use of biocide concentrations 25 times higher than those currently applied
(24).

Most outbreaks have been associated with improper product utilization, namely, the
use of contaminated water during manufacturing processes, overdilution of antiseptic
solutions, use of outdated products, prolonged storage periods after opening, and
improper storage conditions (32, 93). The use of biocides beyond the expiration date is
risky, since changes in the chemical concentration or composition are likely to occur,
leading to a decreased bactericidal/bacteriostatic potency (93). Contaminated solutions
may appear clear and, therefore, are difficult to distinguish from truly sterile solutions
(88). The ability of Bcc bacteria to survive and thrive for long periods of time in
biocide-containing solutions raises an alarming concern in terms of public health, since
they can be transmitted to patients through the use of contaminated products and
cause subsequent problems.

The mechanisms of biocide resistance can be intrinsic or acquired through mutation
events or horizontal gene transfer (27, 28). Gram-negative bacteria generally have a
higher inherent resistance to biocides than Gram-positive bacteria due to the structure
of their outer membrane, which acts as a barrier against the entry of several antimi-
crobial agents. The presence of an intact and highly charged lipopolysaccharide layer
is also an intrinsic Bcc characteristic that helps prevent the diffusion of hydrophobic
antimicrobials (27, 28). The presence and activation of efflux pump systems is among
the major mechanisms of intrinsic biocide resistance. The most relevant family of efflux
pumps comprises the resistance-nodulation-cell division (RND) transporters (95). These
are usually chromosomally encoded and composed of a periplasmic membrane fusion
protein and an outer membrane factor, allowing efflux of solutes across the inner
and outer membranes, thereby reducing accumulation in the periplasm (95). The
role of these efflux systems has been described for some Bcc species, conferring
resistance to BZK and CHX in B. cenocepacia (33, 96) and to methylisothiazolinone-
chloromethylisothiazolinone (M-CMIT) and fluoroquinolones in B. lata (97). Genomic
expression analysis of two sequential B. cenocepacia isolates recovered from a CF
patient undergoing antibiotic therapy revealed an increased transcription of several
genes encoding efflux pumps in the highly resistant clonal isolate, namely, those
encoding RND transporters, drug efflux pumps of the major facilitator superfamily
(MFS), and ABC transporters (54). The same highly antibiotic-resistant isolate displayed
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reduced outer membrane permeability, which was associated with the downregulation
of genes encoding porins that may function as channels for the entry of antibiotics (54).

Phenotypic adaptations, such as biofilm growth, also can be considered intrinsic
resistance mechanisms. Biofilm formation in Bcc bacteria has been linked to an in-
creased ability to cause persistent infections, especially in CF patients (98, 99). The
composition of the biofilm matrix, rich in polymeric substances, might contribute to the
development of resistant bacteria by restricting the diffusion of antimicrobial agents
(98). However, some compounds, including antibiotics, still can penetrate through
biofilms, depending on the nature of both the compound and the biofilm (98, 100). The
antimicrobial peptide nisin was able to penetrate through the biofilm structure, causing
bacterial death, even though the viability loss was more pronounced in the case of
planktonic cells than in biofilm-grown bacterial populations (101). Within the biofilm,
the development of a microenvironment characterized by lower nutrient/oxygen avail-
ability and reduced bacterial growth is likely to occur together with the production of
enzymes that can be involved in the degradation/neutralization of chemicals (27).
Overall, biocides like CHX and hydrogen peroxide fail to significantly reduce the
viability of sessile cells compared to the effects on planktonic cells (92). The exposure
of B. cenocepacia biofilms to high levels of oxidizing agents, namely, hydrogen peroxide
and sodium hypochlorite, led to the upregulation of several genes, some of which are
involved in oxidative stress and general stress responses, as well as others that encode
proteins required for the repair of reactive oxygen species (ROS)-induced cellular
damage (102). The treatment of B. cenocepacia biofilms with CHX also led to the
transcriptional upregulation of genes encoding membrane-related and regulatory pro-
teins as well as drug resistance determinants, including sessile-specific RND efflux
pumps (96). Bacteria within the biofilms might also resist the action of antimicrobial
agents by existing in a slow-growing state, typically characterized by lower antimicro-
bial susceptibility (98).

Acquired resistance can occur through mutations in genes involved in the biosyn-
thesis of the cell wall, membrane lipids, porins, or outer membrane proteins (OMPs)
(28). Horizontal gene transfer may contribute to the acquisition of mobile genetic
elements, such as plasmids or genes encoding proteins responsible for modification/
degradation of the biocide (e.g., o-phosphotransferases, o-adenyltransferases, and
n-acetyltransferases) (28). Another mechanism by which microorganisms can gain
biocide resistance is through molecular target alteration. For instance, in Escherichia
coli, a missense mutation in the FabI protein is sufficient for altering the target site for
triclosan, conferring resistance to that compound (28).

Biocides will continue to play an important role in preventing the spread of infection
in the health care environment, but it is critical to reevaluate the type of products and
the concentrations at which they should be added. For successful biocidal formulations
and regulation policies, knowledge about the mechanisms of action and possible
development of bacterial resistance is of the utmost importance.

Mechanisms of Benzalkonium and Chlorhexidine Resistance in Bcc Bacteria

BZK and CHX are two of the most common biocides used in health care settings and
personal care products, being classified as low-level antiseptics with a broad spectrum
of activity against Bcc bacteria (28, 32). BZK is commonly used as an antimicrobial
preservative for pharmaceutical products, being the biocide of choice for the majority
of multidose aqueous nasal, ophthalmic, and optic products (103). It is a quaternary
ammonium compound, composed of a positively charged nitrogen covalently bonded
to three alkyl group substituents and a benzyl substituent (34, 104). Bcc-contaminated
BZK solutions have been pointed out as the major cause of outbreaks, unlike any other
biocide available in the market (32). BZK’s effects occur mainly at the level of membrane
permeability, starting with its adsorption onto and penetration of the bacterial cell
surface, followed by membrane destabilization/disorganization and consequent leak-
age of cellular constituents, culminating in cell death (27, 104, 105).

Burkholderia cepacia Complex in Pharmaceuticals Clinical Microbiology Reviews

July 2020 Volume 33 Issue 3 e00139-19 cmr.asm.org 11

https://cmr.asm.org


CHX is typically used for hand hygiene and as a component of mouthwash solutions
(27, 32, 93). It is a biguanide disinfectant that exerts its effects at the cell membrane
level, compromising its structure through the breakdown of associated divalent cations
and disruption of lipopolysaccharides, which results in the loss of cytoplasmic compo-
nents and periplasmic enzymes (93, 96). Several Bcc-related nosocomial outbreaks also
have been attributed to the use of contaminated CHX solutions, especially in recent
years (106–109).

Early studies identified a B. cepacia strain that remained viable for 14 years under
nutrient limitation in a saline solution supplemented with 0.05% (wt/vol) BZK (110).
More recently, the BZK and CHX susceptibility of 36 different Bcc strains that had been
incubated in distilled water for 40 days was assessed through MIC assays and compared
to the values at initial inoculation (day zero) (94). Although the 40-day incubation
period in distilled water, prior to the addition of the biocides, resulted in a higher
susceptibility to both BZK and CHX, six B. cenocepacia strains still retained a high level
of resistance (94). The same study also reported that clinical strains of B. contaminans,
B. multivorans, B. vietnamiensis, and B. ambifaria were better recovered after 14 days in
the presence of BZK rather than during the first 24 h (94). These observations suggest
that BZK was inactivated by the bacteria and was even used as carbon and energy
sources for bacterial growth and metabolism (94). Long-term incubation (18 months)
with BZK (at 53 �g/ml and 500 �g/ml) also induced structural and organizational
alterations in B. cepacia cell suspensions incubated in aqueous saline solutions (0.9%
[wt/vol] NaCl), including the formation of cellular aggregates, which could be visualized
both macro- and microscopically, as evidenced in Fig. 3 (our unpublished results). When
the antimicrobial effects of sublethal concentrations of BZK (10 to 50 �g/ml) and CHX
(2 to 10 �g/ml) were compared between six B. cenocepacia strains, all of them remained
viable, exhibiting low susceptibility toward the antiseptics upon incubation at 23°C for
28 days (93). In another study, short-term exposure of a B. lata strain to 50 �g/ml of
both CHX and BZK resulted in reduced susceptibilities to ceftazidime, ciprofloxacin,
imipenem, and, to a lesser extent, meropenem (35). The upregulation of transporter
and efflux pump genes, namely, of an outer membrane protein and an ABC transporter,
was registered, suggesting that drug efflux plays an important role in reducing the
intracellular concentration of these particular antimicrobial peptides (35). Repeated
exposure of a B. cepacia strain to sublethal concentrations of CHX during 10 passages
in the presence of the biocide was reported to induce a 7.3-fold decrease in bacterial
susceptibility (111).

An extensive study on the resistance of Bcc bacteria to BZK examined the potential
involvement of efflux pumps, the presence of a putative BZK degradation pathway, and
the proteome changes induced in response to that biocide. All 20 of the Bcc strains
tested were able to partially degrade (4.7 to 42.6% degradation) BZK in a period of

FIG 3 Microscopic observation of cells costained with SYTO9 (green) and propidium iodide (red),
showing the effect that the presence of the biocide benzalkonium chloride (BZK) has on B. cepacia
bacterial viability and aggregation into large clumps that settle on the bottom of the incubation flasks
when incubated for several months under conditions mimicking pharmaceutical storage in control saline
solution (0.9% [wt/vol] NaCl) (A) or saline solution with 0.05% (wt/vol) BZK (B).
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7 days (33). Quantitative proteomic analysis revealed that treatment with BZK resulted
in a rapid alteration in the expression patterns of several proteins at a genome-wide
level. Proteins belonging to the major facilitator superfamily and to the RND family,
presumably involved in multidrug efflux, were upregulated (33). This suggests an
intrinsic ability of B. cenocepacia to resist BZK’s action, which may involve extrusion of
the biocide, catalyzed by efflux pumps, and synthesis of metabolic enzymes involved in
its degradation. These two mechanisms appear to work synergistically, accelerating the
development of resistance (33). The cleavage of the C-N bond in the early steps of the
degradation pathway also resulted in reduced BZK toxicity. Finally, the ability of Bcc
bacteria to generate acetyl-coenzyme A from BZK, which can be used in central carbon
metabolism, allows its utilization as energy and carbon sources, besides being an
effective way of degrading BZK without the accumulation of intermediates or toxic
metabolites (33).

DETECTION AND IDENTIFICATION OF Bcc BACTERIA IN PHARMACEUTICAL
PRODUCTS OR COMPONENTS
Complexity of the Problem

The correct detection of Bcc bacteria is of extreme importance in pharmaceutical
industries, allowing the identification of contamination sources and subsequent imple-
mentation of corrective measures. The ideal detection method should be rapid and
easy to perform due to the clinical relevance of Bcc organisms and the need to ensure
the quality and safety of pharmaceutical products. Since Bcc bacteria are adapted to
survive and proliferate in water-based environments, as well as under nutrient limita-
tion, they may not grow as well (or at all) if transferred to nutrient-rich culture media
(18, 64). In pharmaceutical industries, microorganisms are subjected to multiple
stresses, associated not only with the underlying manufacturing processes but also with
the lack of nutrients that characterize the raw materials, air, and water, as well as the
temperatures applied for manufacturing and storage procedures, which might be
below or above room temperature (26). Bcc bacteria have developed several strategies
to cope with environmental stresses, among which is the induction of a viable but
nonculturable (VBNC) state, a reversible process in which metabolic activity drops to
very low levels and no replication occurs (112, 113). Under these conditions, cells might
be viable and maintain their integrity and pathogenic potential but cannot be cultured
(112, 113). In addition, bacteria adapted to stressful environments, such as nutrient
limitation or the presence of antimicrobial agents, often undergo metabolic and
morphologic alterations that might interfere with the processes used to eradicate/
control their presence. One example is the development of bacterial subpopulations,
designated small-colony variants (SCVs), which are characterized for being approxi-
mately one-tenth the size of colonies originating from wild-type bacteria and for
growing at a rate nine times lower than that of their progenitor cells (114–116). These
SCVs have been identified in the respiratory tract of cystic fibrosis patients after lung
transplantation, including representative strains of B. multivorans, B. cepacia, B. stabilis,
and B. vietnamiensis (116). When grown in petri dishes, the reduced size of the colonies
may render their visualization with the naked eye difficult, and sometimes even
impossible, if a standardized incubation time is used (Fig. 4) (our unpublished results).
Moreover, many Gram-negative pathogens alter their characteristic rod-shaped forms
to smaller coccoid-like forms after incubation for days or weeks in nutrient-poor
environments (117), as observed during long-term colonization of the CF lungs with B.
cenocepacia (118). Therefore, during membrane filtration processes, those smaller
bacterial forms might be able to pass through the 0.2-�m-pore-size filters, which
theoretically retain all bacterial species (26). As a result of the referenced limitations, the
presence of Bcc bacteria is frequently overlooked during pharmaceutical manufactur-
ing and in the final products, frequently leading to false-negative results (38). Difficul-
ties in detecting the presence of Bcc bacteria within CF patients’ respiratory secretions
also arise due to their growth rate being lower than that of other coinfecting micro-
organisms, which might result in the overgrowth of other bacterial populations,

Burkholderia cepacia Complex in Pharmaceuticals Clinical Microbiology Reviews

July 2020 Volume 33 Issue 3 e00139-19 cmr.asm.org 13

https://cmr.asm.org


masking the presence of Bcc (119). However, the correct detection and identification of
Bcc bacteria is of paramount importance for the application of adequate infection
control policies as well as to evaluate the most suitable treatment options (120, 121).

Detection and Identification by Phenotypic Methods

Reference laboratories responsible for the quality control of pharmaceutical prod-
ucts typically perform standard phenotypic methods for bacterial isolation and identi-
fication (122). In general, these methods rely on enrichment, cultivation, and isolation
of microorganisms, requiring long incubation times and extensive manipulation (24).
Additionally, traditional cultivation methods and phenotypic assays do not provide
enough sensitivity and often underestimate microbial communities, given that some
bacteria are not able to grow in certain substrates or do it at such low rates that the
incubation periods are not sufficient to allow proper detection (24, 26, 122). Conven-
tional biochemical methods based on catalase, gluconate, malate, phenylacetate, and
leucine arylamidase activity are not useful for identification, since Bcc and non-Bcc
bacteria cannot be distinguished (123). Many identification errors arise from the
phenotypic similarities between Burkholderia and other bacterial genera, such as
Cupriavidus, Ralstonia, Achromobacter, Brevundimonas, Comamonas, Pandoraea, and
Delfia, which are frequently misidentified as Bcc species (123, 124). Automated identi-
fication systems have also been developed, such as the Vitek MS and the Bruker
Biotyper, based on matrix-assisted laser desorption ionization–time of flight mass
spectrometry (MALDI-TOF MS) (123). This technique consists of the spectral analysis of
bacterial ribosomal proteins, which are ionized by laser irradiation of bacterial cells
(123). It has a high initial investment cost but provides results in a matter of minutes,
as opposed to days, when traditional methods are used (37). Despite the advances
registered in this field, further developments still are required for the successful
identification of Bcc members, including the development of a database of mass-
charge fingerprints, which requires continuous updates to comprise more microorgan-
isms, including Bcc species, which are currently underrepresented (37).

Apart from the correct identification of Bcc bacteria, it is also relevant to know if
these contaminants are viable or not. Flow cytometry is a widely used technique that
can be useful to characterize bacterial viability by assessing cell membrane integrity
(125). Usually, the fluorescent probes SYBR green I (for total cell staining) and pro-
pidium iodide (for staining dead cells) are used for nucleic acid costaining. It is a
cultivation-independent approach that is particularly useful to detect Bcc bacteria

FIG 4 Section of a filter disk corresponding to a B. cepacia cell population incubated for several months
in a saline solution (0.9% [wt/vol] NaCl) containing benzalkonium chloride (BZK) at 0.05% (wt/vol) under
conditions mimicking pharmaceutical storage. The presence of small-colony variants (SCVs), indicated by
black arrows, that were absent from the cell population at time zero can be observed on the filter disk
following incubation in agar plates (our unpublished results).
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residing in a viable but nonculturable state (125). Fluorescence species-specific iden-
tification could be achieved by labeling with antibodies that bind specifically to Bcc
bacterial cell surface molecules. The combination of flow cytometry with fluorescence
species-specific detection, although time-consuming, potentially is useful in the phar-
maceutical industry (113).

Detection and Identification by Genotypic Methods

Due to the challenges associated with Bcc bacterial identification using traditional
phenotypic methods, the application of molecular methods, based on DNA or RNA
analysis, is of great importance for quality control in pharmaceutical industries, pro-
viding higher resolution, easier analysis, and faster results (123, 126). PCR-based meth-
ods are the most widely used for DNA analysis, and their implementation in quality
control laboratories has grown over the years. The first reports of the use of PCR-based
assays for bacterial detection in artificially contaminated pharmaceutical products date
back to 1998, when Jimenez et al. developed the BAX system, which allowed the
detection of Salmonella enterica serovar Typhimurium within a 30-h period, instead of
the 5- to 6-day period associated with traditional cultivation methods (127). Two years
later, the same researchers reported a simplified method with PCR beads, which
allowed the detection of bacteria in artificially contaminated pharmaceutical products
in 27 h (128). The majority of the genotypic methods are based on single genes, such
as recA (129), fur (130), and hisA (131), with recA being the most widely used. Bcc
bacteria exhibit 94 to 95% similarity in terms of recA gene sequences among different
species and 98 to 99% between sequences of the same species, making it a good
candidate for species identification (129). Despite being commonly used for bacterial
identification, the 16S rRNA gene sequence has a high similarity level (98 to 100%)
among Bcc species, providing only limited resolution for differentiation at the species
level (129). A method for the rapid identification of Bcc species based on differences in
the recA gene sequence, detected by rapid-cycle PCR and through the use of specific
fluorescence resonance energy transfer (FRET) probes, was proposed in 2006 that
provided results within an hour (132). An expanded multilocus sequence typing (MLST)
for the identification of Bcc species, with PCR primers targeting different housekeeping
genes (atpD, gltB, gyrB, lepA, phaC, recA, and trpB), was proposed later (133). MLST
analysis has proven very useful for epidemiological studies, being able to correctly
identify Bcc at the genus level and presenting very good results in terms of species
identification (134).

To improve the sensitivity of PCR-based methods for Bcc identification, other
approaches have been developed, including seminested PCR (SN-PCR) and real-time
PCR (RT-PCR). SN-PCR consists of two PCR rounds with two sets of primers, in which the
second round uses one of the primers applied in the first round (135). One hundred
randomly collected commercial syrup preparations were analyzed by both SN-PCR and
conventional methods. The PCR assay detected the presence of B. cepacia in two of the
samples that had not been detected by standard approaches, highlighting the advan-
tages of using PCR-based methods (136). RT-PCR also has been used for the identifi-
cation of B. cepacia in pharmaceutical products (137). This technical approach allowed
bacterial identification in all of the artificially contaminated samples within 30 h (137).
The main advantages of RT-PCR include high sensitivity and accuracy, reproducible
data, low contamination risk, time efficiency, low labor intensity requirements, and a
lack of the need for post-PCR analysis (138).

In recent years, metagenomic approaches, based on next-generation sequencing,
have proven very useful for pathogen detection in clinical laboratories by allowing the
identification of virtually all pathogens present in a clinical sample without requiring
prior cultivation (139). There are at least two strategies for performing metagenomic
studies, including deep amplicon sequencing, which involves PCR-based amplification
of a highly conserved taxonomic marker, typically the 16S rRNA gene in the case of
bacteria, or shotgun metagenomics, where total metagenomic DNA first is extracted
and sequenced by a next-generation platform, followed by its assembly and annotation
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(139, 140). This approach does not require prior knowledge of microbial identity (139).
The main advantages of metagenomics in these settings include quick pathogen
identification and the ability to detect less abundant pathogens (139). The generation
of complete genome assemblies also allows thorough microorganism characterization,
contributing to the development of novel diagnostic methods and the prevention of
future contamination outbreaks (139). To our knowledge, there are no current reports
on the use of metagenomics for the detection of Bcc bacteria in pharmaceutical or
clinical settings, but this approach has successfully detected the presence of bacteria
from the Burkholderia genus in stream water samples of a polluted urbanized area in
São Pedro, Brazil (141).

CONTAMINATION OUTBREAKS IN HEALTH CARE SETTINGS AND CONTROL
MEASURES

Throughout the years, a growing body of evidence has confirmed the impact of Bcc
bacterial outbreaks, with multiple case studies being reported in order to identify the
sources of contamination and their implications in clinical settings. The majority of the
cases in which Bcc bacteria have been detected in clinical samples have an environ-
mental origin, typically from contaminated pharmaceutical/personal care products.
Contamination of medical products can be classified as extrinsic, when it is introduced
during product use, or intrinsic, meaning that the product was already contaminated
before use. The easy cross-transmission of Bcc bacteria is particularly worrying, since it
facilitates the rapid spreading of infections between different wards within the same
facility or even between hospitals situated in different regions of a country (142). The
types of products identified as sources of Bcc contamination are diverse, including
anesthetic eye drops (143), mouthwash solution (75), fentanyl infusion (144), ultrasound
gel (145), antiemetic drugs (15), chlorhexidine solutions (106, 108, 109), liquid soap (76),
caffeine citrate (146), distilled water (73), dextrose solutions (147), catheters (16), liquid
docusate (148, 149), filters and water oxygen humidifiers (150), washing gloves (151),
ventilators (152), and saline flush syringes (153) (Table 1).

Outbreaks and sporadic failures associated with biocides also may be due to user
error rather than microbial contamination itself. Common errors include the use of
overdiluted solutions and outdated products, the use of tap water to prepare biocide
solutions, refilling of small-volume dispensers from large-volume stock containers, and
improper product selection (38). Nonsterile products, especially multidose containers,
should be handled with extra care, since most of them lose physical integrity after
being opened for the first time, becoming more prone to microbial contamination (87).
Training of end-users and hospital personnel health care settings should be indispens-
able (38). Concerning infection control and prevention, there are certain measures that
should be followed to minimize the risk of cross-contamination, especially among CF
patients. Although associated with anxiety and psychosocial consequences, the segre-
gation of Bcc-positive patients has contributed to a reduction of B. cepacia complex-
related infections. Additionally, regular microbiological surveillance in clinical settings
should include examination for Bcc organisms. Bcc-infected patients should attend
different clinics according to the strains they are infected with to avoid superinfections
(154). Good hygiene practices are mandatory, including handwashing, disinfection with
alcohol rubs, and the use of disposable gloves. Extra care should be taken when
handling patient samples, such as sputum specimens and throat swabs. Patients should
have well-ventilated, single rooms, and any medical procedure involving respiratory
function tests, nebulizations, and airway clearance should be carried out in a separate
room (154).

CONCLUSIONS AND PERSPECTIVES

Pharmaceutical products contaminated with Bcc bacteria constitute a serious risk for
susceptible patients, particularly those suffering from CF and CGD. Bcc infection also
has been reported in immunocompromised individuals (e.g., cancer patients submitted
to chemotherapy, HIV/AIDS patients, mechanically ventilated patients, and infants/the
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elderly). Over recent years, both sterile and nonsterile pharmaceutical products have
been recalled from the market due to Bcc contamination and subsequent nosocomial
outbreaks. The difficulties in terms of detection and correct identification of Bcc
bacteria by traditional cultivation techniques or even by genotypic methods, their
capacity to grow under conditions of low nutrient availability, and an inherent resis-
tance to chemical preservatives (that can even be used as carbon and energy sources)
reinforces their potential to cause disease, hampering the application of adequate
infection control policies and therapeutic approaches. Since water is the most common
source of this contaminant, aqueous pharmaceutical products represent a particular
risk for spreading infection. The negative impact of Bcc bacterial contamination in
clinical settings and their prevalence as the number one contaminant in pharmaceu-
tical industries has led authorities, namely, the United States Food and Drug Adminis-
tration (FDA), to propose the inclusion of these bacteria in the “Objectionable Micro-
organisms” category. Therefore, it is essential and urgent to prevent Bcc contamination
in pharmaceutical manufacturing settings, including the raw materials and finished
products, and to develop efficient methods to detect and correctly identify members of
this complex when their presence is suspected.
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